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The band structure of ordered P-brass (P'-CuZn) has been calculated throughout the Brillouin zone by the

augmented-plane-wave method. The present band model differs from previous calculations with respect to
the position and width of the Cu 3d band. The derived dielectric function e,(co) and the photoeaussion
spectra agree well with experiments. We find that the ~~m absorption edge as observed in the c2 trace
has contributions from conduction-band transitions as well as transitions from the Cu d states. The
comparison to photoemission results indicates that the calculated Cu d bands are too narrow, but that
their position relative to the Fermi level is correct. The derived Fermi-surface model allows a detailed
interpretation of the de Haas-van Alphen (dHvA) data. The present model has no open orbit along

& 100) for B I) (110). This agrees with dHvA as well as magnetoresistance measurements. Four new

extremal cross sections have been found and related to previously unexplained dHvA frequencies. In
general, the Fermi-surface dimensions agree extremely well with dHvA measurements, and the ratios
between the experimental and the calculated cyclotron masses vary between 1.18 and 1.43.

I. INTRODUCTION

Ordered P-brass (P'-CuZn) crystallizes in the
simple-cubic CsC1 structure and is one of the sim-
plest types of alloys. It has approximately 1.5

valence electrons per atom, and Hume-Rothery'
recognized this ratio as characteristic for alloy
phases, such as the P' phase, that on1y exist in a
narrow range of composition. These so-called
electron compounds include among others P'-CuZn,

P '-AgZn, P '-PdIn, and P '-NiAl.
The electronic energy band structure of P'-CuZn

has been subjected to several experimental studies
including optical excitations from far below the
Fermi level (Ez) as well as Fermi surface experi-
ments. Static reflectance measurements2 4 show
a strong absorption edge at the photon energy 2. 5

eV, and this fundamental edge has been attributed
to interband transitions between conduction bands
with the initial states at the Fermi level. From
the photoemission measurementss it was, however,
concluded that the edge was rather due to transi-
tions from the Cu d band. Also, 'bands of strong
d character" were found' to start at about 2. 5 eV
below Ez in contrast to the 3.7 eV suggested in the
interpretation3 of the reflectance measurements.

Experimental information on the electronic prop-
erties of g'-CuZn at the Fermi level has been de-
duced from measurements of specific heat, Hall
effect, ~ magnetoresistance, and in particular from
the extensive de Haas-van Alphen (dHvA) experi-
ments. ' The Fermi surface is found to be mul-
tiply connected with open orbits when 8 lies in
(100}and (110}planes.

Several band models based on "first-principles"
calculations have been published. ' ' They all
agree as to the qualitative features of the s, p, and
d bands but disagree in the position of the Cu d

band (Table 1). The differences between the d band
data listed in Table I reflect the fact that the d
band parameters, width and position, respond sen-
sitively to changes in the crystal potential as is
also seen in the noble and transition metals. Ac-
cording to the particular position of the Cu d band
the absorption edge has been attributed to either
transitions between conduction states ' or to
transitions from the Cu d band.

The Fermi-surface modelsis, is-ie derived from
previous calculations agree qualitatively showing
the existence of a hole sheet in the first zone, mul-
tiply connected sheets in the second zone, and no
overlap into the third and fourth zones. However,
all the models suggest the existence of open orbits
along the (100) direction in contradiction to the
high-field magnetoresistance experiments. Al-
though the latest calculation by Arlinghaus' also
exhibits this discrepancy the derived extremal
cross sections for fields along symmetry direc-
tions are in fair agreement with the dHvA measure-
ments. It still leaves, however, several of the
experimental dHvA frequencies unexplained.

Comparing the early dHvA results to a pseudo-
potential calculation of t:he angular variation of ex-
tremal Fermi-surface cross sections, Taylor'
suggested a connection between dHvA branches and
orbits on the Fermi surface. The most recent ex-
periments, ' however, give new dHvA branches,
and few of the assignments made by Taylor are
still valid. A new set of assignments has appeared
in a perliminary account of the present Fermi-sur-
face calculations. '0

In the present paper we present an augmented-
plane-wave (APW) calculation performed very much
along the lines of previous work. ' The energy-
band calculation which covers the entire Brillouin
zone is applied for evaluation of density-of-states
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TABLE I. First-principlescalculations of the elec-
tronic structure of P' -CuZn and the corresponding posi-
tion and width of the Cu d band. The position is defined
by referring to the position of the top of the d band and
the width is taken as the energy separation X2 -X~.

~0
CL

2.0 3.0
~ ~

1 [Q.U. J
Cu

Atomic potent i Q l

Reference

Johnson and Amar
(Refs. 13 and 14)

Amar, Johnson, and

Wang (Ref. 15)

Arl inghaus
(Refs. 16 and 17)

Ale thoda

KKR

KV.R

Location of Cu d band Width of Cu
below EF (ev) d band (eV)

10.2, 5.4

2. ()

(b

05 4s

3d

-1.0-

A rl i nghaus
(RQf. 18)

Present calc. APW

3

1b 2 gd 2. 4

Korringa-Kohn-Rostoker (KKR) or augmented plane
wave (APW).

&~'-Er.
'&t'-Er
Rt'2 E~.

functions, optical absorption spectra, and photo-
emission energy distribution curves (EDC). The
optical functions are calculated in a crude model
assuming constant matrix elements. The EDC's
include simplified escape functions and are calcu-
lated in the fully direct model as well as the non-
direct model. So far only bulk contributions to the
photoemission spectra are included, but the effect
of surface emission will be commented on briefly.
The calculation further includes a rather detailed
examination of the Fermi surface. Thus, the an-
gular variations of the dHvA frequencies are de-
rived for rotation in the (100) and (110)planes.
The cyclotron masses and their angular variations
a,re also calculated.

The paper then contains three main parts: the
numerical band calculations, the optical spectra,
and the Fermi-surface properties. Section II con-
tains a brief description of the crystal potential
calculation and a comparison with other models.
In Sec. III the calculated energy bands are pre-
sented and density-of -states functions are derived.
Section III also contains a comparison of the cal-
culated optical spectra with the static reflectance

-1.5-

FIG. 2. Some muffin-tin potentials for the Cu site in
P' -CuZn. The atomic 3d and 4g levels are indicated.
(1) Potential labeled 5 in Ref. 15; (2) Arlinghaus (Ref.
18); (3) Arlinghaus (Refs. 16 and 17); (4) present po-
tential.

and the photoemission experiments. In Sec. IV we
present the Fermi-surface model and compare with
other theoretical models. The model is further
compared to de Haas-van Alphen measurements
and the apparent mass enhancement is obtained.

II. CRYSTAL POTENTIAL

The simple APW method requires a crystal po-
tential of the muffin-tin type, i.e. , a potential that
is spherically symmetric inside spheres and con-
stant in the interstitial region. Since, in the sim-
ple-cubic (CsC1) structure of the fully ordered P'

phase, this interstitial region occupies only 32% of
the cell volume, assuming spheres of equal size,
the muffin-tin approximation is a reasonable one

TABLE II. Crystal potential data from various first-
principles calculations on P' -CuZn. Listed are the lat-
tice constant a, the muffin-tin radii S„,the discontinui-
ties D„atthe muffin-tin spheres, and the constant poten-
tial E~z between the spheres.

i kz

ky

Sz.(a. u. ) 2.41

Sc„(a.u. ) 2.41

Dzn(Ry) 0 16

Dc„(Ry) - 0. 06'

EMTz(Ry) - —0. S2'

Amar, Johnson and
Wang (Ref. 15)

g(A) 2. 944

Arl i nghaus
(Ref. 17)

2. 9539b

2 ~ 473

2.361

—1.1797

Ar1 inghaus
(Ref. 1S)

2. 9539b

2. 473

2. 361

0. 2396

0. 2435

—0.936

Present
calc.

2. 944

2. 460

2.340

0. 1125

0. 1166

—1.1385

FIG. 1. Unit cell and Brillouin zone for the simple
cubic CsC1 structure. BSW (Ref. 26) notation is used.

aAt 4. 2 K from Ref. 9.
~At 29. 8'K.
'Values for the potential labeled b in Ref. 15.
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Fig. 3. Energy bands for P' -Cuzn as calculated by
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points in —of the Brillouin zone.
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for p'-CuZn. The spherically symmetric part of
the crystal potential has been constructed by a
superposition in the CsC1 structure (Fig. 1) of
atomic Coulomb potentials derived from the Har-
tree-Fock-Slater (HFS) atomic charge densities

for the neutral atoms of configuration 3d 4s'(Cu)
and 3d'04sa(Zn). To this Coulomb part was added
the full-Slater -exchange term calculated from
superimposed charge densities. The constant po-
tential EMT z was determined from the average over
the interstitial region of the Coulomb potential and
to this was added an exchange term calculated
from the average of the charge density. The re-
sulting potential is shown in Fig. 2, and the impor-
tant parameters are shown in Table II and compared
to those of previous calculations.

Among the four calculations listed in Table II,
two basically different muffin-tin potentials are
used: Amar, Johnson, and Wang 5 apply the HFS
free-atom potentials truncated a.t the muffin-tin
spheres without superposition, while Arlinghausis-is
applies the potential construction described above.
The difference between these two approaches lies
in the treatment of the effect of neighboring atoms.
Amar et a/. ignore this effect in the spherically
symmetric part, and overlap is included only in the
constant potential E„»which in this case is treated
as an adjustable parameter. This is in contrast
to other methods applying the average over the in-
terstitial region calculated either directly as in the
present work or by the Ewald method as done by
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Arlinghaus. "
The comparison in Fig. 2 shows that the present

result agrees well with the potentials used by Ar-
linghausie-ia i„sidethe sphere+ taking account of
the different lattice constants used (Table II),
whereas it differs considerably from the potential
used by Amar, Johnson, and %'ang. ' In the inter-
stitial region the present potential differs markedly
also from the latest potential calculated by Arling-
haus. This is exemplified by the difference of a
factor 2 in the discontinuities D„atthe muffin-tin
spheres (Table II). In view of the methods used to
construct the potentials, the discontinuities ob-
tained by Arlinghaus should be very nearly equal
those of the present work. Considering the differ-
ence mentioned, we might add that the present re-
sults agree well with the cases of copper, sil-
ver, and gold where, by solving an Ewald prob-
lem, we find a D„ofthe order of 100 mRy and an

EMTz around —1.15 Ry.
As a result of this comparison of the potentials

we expect the band structure derived from the
present potential to be very similar to the results
obtained by Arlinghaus'~ 'a except for the position
and width of the d bands. Vfe also expect the two
Fermi-surface models to be very similar.

III~ ENERGY BANDS

The band structure for p'-brass as calculated by
the AP% method over a wide energy range is pre-
sented in Fig. 3 for k along all the symmetry lines
of the Brillouin zone (see Fig. I). A list of the
eigenvalues obtained at 84 k points uniformly dis-

tributed in $ zone is provided in Table III. Con-
vergence tests showed that even the d bands have
converged to within 4 mRy. %e have used the
Bouchaert-Smoluchowski-Wigner (BSW) symme-
try symbols and have taken the Zn site as the ori-
gin for the wave functions. Therefore the Zn band
appears in the present calculation at R as the a-
like states R~s and R», while the same band in pre-
vious calculations' ' appears as p-like R» and
R,'2. The reverse is true for the Cu d band at R.

Among the transition and noble metals the d
bands play an important role. In copper a 3d band
of width 250 mRy is positioned below the Fermi
level in the s-p band, ~ and in going to zinc the 3d
band seems to fall below the bottom of the s band
and become very narrow. ~s In ordered P'-brass it
appears from Fig. 3 that the Cu and Zn 3d bands
are narrow and well separated while the broad 4s,
Q, 4d, and 4f bands of both Cu and Zn form a
common conduction band. The Cu 3d band is situ-
ated in the conduction band just below the Fermi
level and the Zn 3d band lies below the bottom of
the conduction band. The general appearance of
the present energy bands agrees well with other
calculations, " ' and the level of agreement can be
judged from Table IV where the positions and the
widths of the various bands are listed. The Cu re-
sult is shown for comparison.

In P'-CuZn the Cu-Cu distance is larger and the
coordination number is smaller than in pure cop-
per. Since the Cu 3d band in p'-CuZn arises main-
ly as an interaction between Cu atoms, one would
expect this d band to be narrower than the corre-

TABLE IV. Widths and positions of the s, p, and d bands in p ' —CuZn and Cu. The symmetry symbols in the table
are those of the present work (Zn site as the origin for wave functions) whereas the symbols in the footnote belong to the
particular reference.

Width (Ry) Position (By) relative to I'i

Zn d band
I'2's-I'i2

Ri2-R2's

Cu d band
I'2's-I'i2

X2'-Xi
~i ~i
Ri'2-Ris

s band
Ri-I'i

p band
M4'-X4'

Burdick
(Ref. 27)

Cu

0. 249K

Present
calc.
CuZn

0. 031
0. 039

0. 066
0. 153
0. 174
0. 135
0. 114

1.017

1.178

Arlinghaus
(aef. 17)

CuZn

0. 034
0. 040

0. 070
0.163
0.200
0. 144
0. 119

1.032

1.18

Amar, Johnson
and Wang (Ref. 15)

CuZn.

0. 06
0. 11
0. 17b

0. 10
0. 11

0. 90'

I'i2
R2's

I'i2
Mi
Xi

Ris

X4

Present
calc.
CuZn

—0. 055
—0. 012

0. 437
0. 363
0. 326

0. 404

0.

0. 563

Arlinghaus
(ref. 17)

CuZn

—0. 031
0. 018

0. 458
0. 384
0. 327

0.426

0.

0. 586

~Xs-Xi. b
X~ -Xi. cRis I
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It follows from Eg. (I) that the Fermi level can
be found as the energy satisfying

J N(E)dE= n, (2)

where E, is some energy lying between the Zn d
band and the bottom of the common s band, and n,
the number of electrons per unit cell, is 13. The
Fermi energy was found (i) by integrating the den-
sity of states Eq. (2), (ii) by the counting of the
original APW eigenvalues, and (iii) by integrating
constant-energy surfaces. The latter method is
carried out by finding the surface having a volume
of 1.5 times the volume of the BrQlouin zone since
there are three conduction electrons per unit cell.
The results agree within 2 mRy giving EJ; =0.590
Ry on the APW scale. N(Er) is found to be 6. 68
(electrons/cell)/Ry (Fig. 4) which compared to the
value of 8.06 (electrons/cell)/Ry obtained from the
electronic-heat-capacity measurements suggests
an average apparent mass enhancement of 0.19.
This is not an unreasonably large value in view of
the 0. 12 found for copper. 3'

The joint-density-of-states function, which gives
the density of transitions of energy ~ from bands
below the Fermi level to bands above the Fermi
level, can be found from

FIG. 4. Density of states for P' -CuZn as calculated
from the original 13 bands found at 84 points in —' of

48
the Brillouin zone. A list of these 1092 eigenvalues is
found in Table III. The main van Hove singularities are
indicated on the figure in order to compare the density-
of-states function with the energy bands in Fig. 3.

aponding band in copper. This is indeed what we
find judged from the energy separations listed in
Table IV or from the calculated densities of states
for P'-CuZn (Fig. 4) and for Cu. ""

A. Density-of-States Functions

The one-electron density of states is defined by
an integral over the surface of energy E,

2A dSap
(2v)3 I &~(k) I

'

where is the volume of the unit cell. In the case
of the noble metals~5'29 a good procedure to calcu-
late density-of-states functions from energy eigen-
values determined at a limited number of k points
appeared to be a local Lagrange interpolation
scheme combined with the method of Gilat and Rau-
benheimer. We have adopted this procedure in
the present work with 8436 interpolated k points in

$ zone, and the result for the one-electron density
of states for p -CuZn is shown in Fig. 4. The Cu
d band is clearly seen as the group of narrow peaks
superimposed on the free-electron parabola N(E)

cl(gg)= Z
i 6(Eg(k) —E;(k) —Ku))dk, (8)

20
(2v &, ,g .

where E&(f)~ Er and E&(k) ~ Er. This function
consists of a sum of partial joint-density-of-states
functions Z«(%u), each of which gives the density
of vertical transitions of energy ~ from that part
of band i which is below Er to that part of band f
which is above Er. The band indices of Z,z(tap) run
over states of increasing energy for a given k.

We have shown in Fig. 5 the calculated joint den-

0- CuZn

10 4w [eV]

FIG. 5. Joint density of states and four partial joint-
density-of-states functions for P' -CuZn. All curves
have been scaled to the same maximum value with the
following scaling factors: (6-7), 333p

(7 8)
2yfp

(5-7),
1 . 1

s~o~ (4 )' 4sso.
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D(E(, Km)~ Z 5(Eg(k) -E)(k) —%u)
& ~f

x 5(E,'-E,.(k))dk, (4)

where E; (k) ~ Er and E&(k) ~ E~, forms under the
assumption of constant dipole matrix elements and
k conservation the basis for the interpretation of
photoemission experiments in the so-called direct
model. If k conservation is not considered an im-
portant selection rule, one would interpret the pho-
toemission experiments in terms of a product of
density-of-states functions taken at the initial and
the final energies, ~ i.e. , N(EO) N(EO+ Sap). This
constitutes the nondirect model.

The applicability of a specific model depends on
how well the electrons that are excited can be re-
garded as being itinerant or localized. "'34 In the
noble metals even the d states appear to be nonlo-
calized, and for these metals the direct model

sity of states as well as some partial joint-density-
of -states functions for O'-CuZn. The partial func-
tions shown are important in comparison with ex-
periment because they have appreciable values in
the energy range near the fundamental absorption
edge. Since the Fermi level crosses the doubly de-
generate T, and the two nearly degenerate S, and

8, bands, the joint density of states increases from
zero energy. This can be seen from Je, (~) in Fig.
5. Although spin-orbit splitting typically of the or-
der of 0. 1 eV will remove the degeneracy of the T5

level, the density will still have nonzero values in
the range below 1 eV. This means that one has to
be cautious when estimating the optical mass by the
usual Drude theory.

The partial joint-density-of-states function
J~v(ff~) has contributions from two types of transi-
tions. Below 3 eV the important contribution
comes from transitions bebveen conduction states
while the edge at 3 eV has its origin in transitions
from the top of the Cu d band to the Fermi level,

The latter transition, however, is for-
bidden according to the optical selection rules.
One might therefore argue that the peak at 3.4 eV
should be reduced in a calculation of the dielectric
constant although this would be a very crude way of
considering the effect of the dipole matrix elements.
Only transitions between conduction states contrib-
ute to J78(%u). Thus, the edge at 1.9 eV comes
from transitions from the Fermi level to a higher-
lying band near T~(Ez) - T, while the edge at 2. 6
eV has its origin in the analogous transitions near
Z~(Er) -Z, . Both transitions are allowed according
to the selection rules. The remaining functions
J4,, (k~) and J,~(~) include transitions from the d
band to the Fermi level.

The energy distribution of the joint density of
states, defined by

f3- CuZn

[eV]

-9 -8 -7 -6 -5 -I -3 -2 -1 0 E) tevj

FIG. 6. Velocity-modulated energy distribution of the
joint density of states for p' -CuZn as a function of the
initial energy calculated for several photon energies. All
curves have been folded with a Lorentzian of full half-
width 0.3 eV.

gives satisfactory results, '3 '3 although one can-
not completely rule out nondirect transitions.
Since the Cu d band in P'-brass has a width around
70% of the width of the d band in copper, one might
expect the direct model also to apply in the alloy
case. However, in the presence of flat d bands the
two models give similar results, and one cannot
distinguish between the two models in the present
case.

The energy distribution of the joint density of
states for several photon energies is shown in Fig.
6 with the following modification: The integrand in
Eq. (5) has been multiplied by the velocity of the
final state since it is difficult for an electron with
zero velocity to contribute to the photoemission
spectrum —though elastic scattering to a state with
nonzero velocity is a possibility. The main fea-
tures of the calculated curves are the two peaks at
—3.3 and —3.9 eV which have their origin in the
Cu d band. These peaks remain stationary through-
out the entire photon energy range, and the first of
them splits into two at higher photon energies. In
addition to this a peak emerges at —5.0 eV for ~
~ 8. 1 eV and is found at —5. 3 eV for Scu = 10.2 eV.

B. Comparison with Optical Measurements

If one can assume the dipole matrix elements to
be constant, then the interband contribution to the
imaginary part of the dielectric constant, ea(ra),
will be proportional to the joint density of states
divided by mr~. It is therefore convenient to com-
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second peak vanishes completely and the shape of
sz(&u) is well predicted by the calculation. Similar
conclusions were reached in the case of silver
and gold. ~5

Since the d band is responsible for the calculated
main peak and since this peak is displaced above
the corresponding experimental peak, we conclude
that the top of the present Cu d band lies too far
below the Fermi level. This is in accord with the
photoemission calculation. It may be seen in Fig.
7 that, with the above empirical inclusion of ma-
trix elements, the apparent error in the position
of the top of our theoretical d band is less than 0.2

eV when compared to the experiments of Ref. 3.
When compared to the measurements of Ref. 4, the
error is 0.4 eV.

C. Comparison with Photoemission Experiments

0 I

0 1 2 3 4 5 Ww )eV]

FIG. 7. Comparison between J(Scu)/(d2 and the exper-
imentally (Ref. 3) recorded imaginary part, &2(~), of the
dielectric function. The curve indicated by a broken line
represents the total J(Ku)/oP, whereas transitions from
the three lowest bands have been omitted in the curve
drawn with full line.

pare the experimental~'4 ea(&u) with the calculated
J(%o)/&o as is done in Fig. 7. In this comparison
one should note that the calculated curves do not
include a low-energy contribution of the Drude
form from the conduction electrons and that the
sudden rise in the calculated ez(&o) below I eV is a
pure interband effect.

Because of the complicated shape of the joint-
density-af-states function below 3 eV and the un-
known matrix elements, it is not possible to define
unambiguously a theoretical absorption edge. One
can say only that the calculated s,'(~) rises sharply
between 2 and 3 eV. Furthermore, the onset of
transitions between conduction states [J~s(~)] and
the onset of transitions from the top of the Cu d
band [Jzz(@u), J5~(W)] are so close in spectral po-
sition that one should ascribe the fundamental ab-
sorption edge to both types of transitions.

The calculated main peak results from transitions
from the Cu d band. It is split into two peaks and
has contributions from four partial functions. The
two functions, Jz(IE~) and J',~(%o), contributing to
the first of these peaks were shown in Fig. 5. The
edge in one, J~(~), of the two partial functions
giving the second peak results from forbidden tran-
sitions (Q —4, ) so that the inclusion of matrix ele-
ments might reduce this second peak. If one ex-
cludes transitions from the three lowest bands, the

A theoretical EDC may be calculated by folding
the energy distribution of the joint density of states
D(Eq, %o) or the product of density-of-states func-
tions with a Lorentzian of half-width I', and multi-

ply the function obtained by the appropriate escape
and threshold functions. These escape and thresh-
old functions were taken to be similar to those used
by Berglund and Spicer, '2 and they include the opti-
cal absorption coefficient ~(~), 4 the work function

eQ which for P '-CuZn is 4.4 eV, and an energy-
dependent mean free path L(E) adjusted to be 25 A

at 8 eV. The latter is the experimental value of
L(E) for copper~9 which we apply in the present

0-CuZn

%w teV)

10.2

9.8

9.1

-9 -8 -7 -6 -5 -4 -3 -2 -1 0 E~feV]

FIG. 8. Comparison between experiment (Ref. 5)
(dashed lines) and EDC's calculated from the direct mod-
el (solid lines) for several photon energies. At Kco =10.2
eV the result of the nondirect model is also shown. All
the calculated curves have been folded by a Lorentzian of
full half-width 0.5 eV.
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eV

SeV
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-2. -1. E; feV]

FIG. 9. Comparison between an EDC (Ref. 5) at Kcu

= 21.2 eV and two broadened density-of-states functions
obtained by folding the function in Fig. 4 with Lorentzian
of full half-widths 0. 05 and 0. 8 eV. The experimental
trace has a background contribution increasing towards
the left.

case although we realize that the mean free paths
in the alloy may differ considerably from those of
Cu. Calculations show, however, that an adjust-
ment of L(E) to 50 A at 8 eV or even 75 A does not
influence the spectra significantly.

The experimental EDC'ss display two peaks at
—3.3 and -4. 3 eV, respectively, but very little
additional structure, although a bump is seen at
—5. 3 eV. We have compared the experimental and
the calculated EDC's for some photon energies in
Fig. 8. In this comparison one should note that we
have neglected both the variation of matrix ele-
ments and the effect of inelastically scattered elec-
trons which tend to fill up the low-energy side of
the spectrum. The direct and the nondirect models
are found to give very similar results except for
~ = 10.2 eV. The difference at 10.2 eV is due to
the velocity modulation in the direct model, men-
tioned at the end of Sec. IIIA, since the final states
giving the peak at —3.9 eV are close to the I'~5 lev-
el where v& =0. The experiments, however, do
not seem to support this velocity modulation.

The peak at —3.3 eV is seen to be predicted
rather accurately by the calculation. It is found to
have its origin in transitions from the minimum in
the S, level midway between R and X (Fig. 3) and is
therefore not directly related to the top of the d
band Howe. ver, judged from the onset of the d
band structure in the calculated EDC, the top of
the present Cu d band may be found to be positioned
0.2 eV too far below the Fermi level in agreement
with the s2(ru) calculation. The bump at —5. 3 eV
in the experimental curves for ~ ~ 9.8 eV may be
related to the structure which for ~ = 10.2 eV oc-
curs at —5. 3 eV in the calculated EDC's (see also
Fig. 8).

For higher photon energies both models, at least
in the region of flat d bands, will reflect the den-

tRy)
0.4 - a d-band position

width
- 5.0

03-
e

1)

4.0
.~. h-~

Ex p. position
Exo. width

-0
2) ---o- 20

0.1
3)

1.0

I I 0.0
0.1 0.2 DCu t Ry)

FIG. 10. Calculated Cu d-band parameters, width and

position, as functions of the discontinuity at the copper
muffin-tin sphere. The width is defined as the energy
separation X2-X~, and the position is taken as the posi-
tion of the center of gravity relative to the Fermi level.
The data are from (1) Ref. 16, {2) the present calcula-
tion, and (3) Ref. 18. The experimental width and posi-
tion are deduced from the EDC (Ref. 5) at I~ =21.2 eV
(Fig. 9).

0.0

sity of initial states. Furthermore, the inelastical-
ly scattered electrons do not interfere with the @-
band structure in the EDC since they are removed
to large negative values of the initial energy. One
can therefore get a qualitative measure of the ac-
curacy of the calculated d-band parameters, width
and position, by comparing a density-of-states
function with an experimental EDC taken at high
photon energy. This is done in Fig. 9 for ~ = 21.2

eV, where one should note that the experimental
EDC still has some background of inelasti. cally
scattered electrons.

D. Cu 3d-band Parameters

In a comparison with experiments it is conve-
nient to define the position of the entire d band as
the position of the center of gravity (3.7 eV below

Er in the present case) of the individual d levels as
estimated from the density of states. Using this
definition our Cu d band has the correct position—
judged from Fig. 9-whereas the apparent displace-
ment of the d-band top by 0.3-0.4 eV indicates that
the calculated d band is somewhat too narrow:
-0.4 eV also judged from Fig. 9. The Cu d band
in the first calculation by Arlinghaus '~ compared
nicely in width to the EDC at I+ = 21.2 eV, but its
position had to be shifted downwards by 0.4 eV. '
The most recent calculation gave a d band too
narrow and positioned a little too far below the
Fermi level (Table I).

The above discussion is summarized in Fig. 10
by plotting the d-band parameters as functions of
the discontinuities at the muffin-tin spheres for the
various potentials. From this plot it seems clear
that one cannot determine a discontinuity giving
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simultaneously correct width and position of the Cu
3d band.

There is one further problem related to the in-
terpretation of the d-electron structure in the pho-
toemission data which should be mentioned. If the
escape depth becomes comparable to the lattice
spacing which may occur for p'-CuZn at ~ =21.2

eV, one would expect to see a surface emission
rather than a bulk effect. In many materials
the d overlap would be reduced towards the surface
because of the expansion of the lattice and the re-
duction in the number of nearest neighbors. In

p -brass, however, dezincification is likely to oc-
cur and may increase the d overlap towards the
surface leading in the EDC to a d-like structure
somewhat broader than the corresponding structure
from the bulk d electrons. Thus, the effect of sur-
face emission may reduce the gap between the ex-
perimental ' d-band width" as determined from
EDC's at high photon energies and the width cal-
culated from the energy bands.

IV. FERMI SURFACE

The free-electron Fermi sphere for P'-CuZn has
a radius kr = 1.420 v/a which is slightly larger than
the 1"M distance (Fig. 1). Consequently, it leaves
in the first zone a hole surface centered at R, and
this hole has the shape of an octahedron when re-
garded in the repeated zone scheme (Fig. 11). In
the second zone the Fermi sphere leaves six elec-
tron lenses, one at each side of the first-zone
cube. Regarded in the repeated zone scheme,
these segments have the form of convex lenses
touching each other near M. The lenses are in the
actual calculation perturbed by necks lying perpen-
dicular to the (110) direction. However, they can
still be recognized on the sketch (Fig. 13) of the
second-zone electron sheet.

One can map out a constant-energy surface by
the APW method programed for k search, and this
was done at 570 points in g zone for three surfaces
of energy near the Fermi level. These raw data
were then used in conjunction with a second-order

[kz

ky

FIG. 11. First-zone hole sheet, the octahedron, of
the Fermi surface as sketched from the actually calcu-
lated cross sections.

FIG. 12. Second-zone sheet of the Fermi surface as
sketched from the actually calculated cross sections.
Some extremal cross sections have been indicated.

interpolation procedure to obtain extremal cross
sections and their angular dependence, cyclotron
masses, and Fermi velocities.

Many extremal orbits of P'-brass can be found by
straightforward inspection. This is the case for
the central orbits lying in symmetry planes [Figs.
13(a), 13(b), and 13(d)j. In addition to these or-
bits, P -CuZn has noncentral extremal cross sec-
tions [Fig. 13(c)]which are determined from the
requirement that the derivative of the cross-sec-
tional area with respect to the k component in the
direction of the magnetic field should vanish.

We use the conventional labeling according to
the normal of the orbit planes. Thus, A stands for
a(100) direction, Bfor a (110) direction, and C
for a (111)direction. A subscript designates the
zone number, and a superscript gives the label of
the symmetry point or line of the orbit. Later, in
the calculation of the dHvA branches, we will refer
to these branches by the label of the particular
symmetry point or line with the zone number as
the subscript.

The important central extremal cross sections
are from the first-zone hole octahedron: A~, B, ,
and C, ; and from the second-zone electron lenses:
a hole orbit A~, an electron orbit around the lens
B2, a hole orbit A2, and a neck orbit B2. The
noncentral orbits are: a dog' s-bone hole orbit B2,
the triangular hole orbit C~, a hole orbit B2, an
electron orbit A~, and the double hole orbit B~ all
from the second zone.

Because of the overlap of the k, = 0 and v/a cross
sections of the Fermi surface found in previous
calculations, ' ' one would expect open orbitals
along the (100) direction when B is close to the
(110)direction. These are called type-I open or-
bits by Sellmyer et al. , and they would not exist if
MI' &AS'&RQ (Fig. 14). This criterion is fulfilled
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FIG. 13. First- and second-zone extremal cross sections of the Fermi surface. {a) First-zone central orbits, {b)
second-zone central orbits, {c)noncentral orbits, and {d) first- and second-zone central orbits drawn on the surfaces of
the irreducible zone.

in the present calculation (Table V), and in con-
trast to the previous calculations we therefore find
a closed orbit Bz when B is parallel to the (110)
direction. The general appearance of the present
Fermi-surface model, however, is in good agree-
ment with other calculations. " ' The shape of the
two sheets sketched in Figs. 11 and 12 is in accor-
dance with the latest work by Arlinghaus, ' but is
somewhat smoother than the shape of the surfaces
constructed by Jan et al. from cross sections cal-
culated by Arljnghaus. ' ~ The cross -sectional
areas of the present Fermi surface are also in
good agreement with those determined by Arling-
haus'8 in symmetry directions (Table VI). In addi-
tion to his results we find four extra extremal
cross sections of importance in the comparison
with dHvA measurements.

A. Interpretation of de Haas-van Alphen Experiments

Since the de Haas-van Alphen measurements re-
sult in detailed knowledge of the dHvA frequencies
as a function of the direction of the magnetic field,
we have calculated the angular variation of extremal
cross sections of the Fermi surface of P'-CuZn.
The results are presented in Fig. 15 for fields in
the (100) and the {110'planes together with the ex-
perimental results by Karlsson' and those by Jan
and Perrot. ~~

The A& branch arises from orbits of the triangu-
lar hole centered on A at a distance around l. 14m/a
from 1 . The center moves slightly as the plane of
the orbit rotates. The branch starts in the (110)
plane at 23 from (100) and exists all the way to
(110), then it crosses the symmetr'y direction and
disappears at 0. 5' from (110). In the (100)plane,
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TABLE V. Fermi-surface dimensions in units of 2~/a
relevant for the existence of an open orbit along (100)
with 8 II (110). Compare also with Fig. 14.

Mr'
ZQ'
RS'
MZ'

Johnson and
Amar (Ref. 15)

0.29
0. 15
0.28
0.20

Arlinghaus
(Ref. 17)

0.23
0.19
0.28
0.21

Present
calc.

0.213
0.203
0.225
0.231

~RQ = RT '/v 2.

the A& branch can only be observed up to 1.5' from
the (110) direction. The excellent agreement of
the A& branch with both the angular variation in the
(110)plane and the crossing at (110), observed by
Jan and Perrot, "shows that F, is in fact associ-
ated with the triangular hole as stated by Taylor. '9

The existence of the closed 8& orbit and the
crossing of the A~ branch at (110), supported by
the measurements, are particularly satisfying
since these two features are a direct consequence
of the nonexistence in the present model of the open
orbits along (100) for 3 il (110). On this impor-
tant point the present Fermi surface is therefore
in agreement with both the dHvA experiments~~ and
the magnetoresistance result.

The R, branch originates in orbits of the octahe-
dron. It can be observed for all angles in the two
planes (100j and (110). At 4' from (110) in the
(110) plane, it has risen 1% above its value at
(110). Although it does not rise as much as Es in

the (110' plane, the behavior in the (100) plane
strongly indicates that we may assign the R, branch
to both of the two newly discovered frequencies F8
and F,. F, and F8 therefore seem to be part of the
same branch. This was also considered as a pos-
sibility by Jan and Perrot. '~

The M2 branch comes from neck orbits and may
be assigned to the experimentally observed F2.
The R2 branch comes from the second-zone hole
and may be assigned to E, although the angular
variation is not in complete agreement with experi-
mental data. The X2 branch has its origin in or-
bits of the lens and extends beyond the (111)direc-
tion in the (110jplane. It has not been observed
experimentally.

Since the preliminary account of this work, 20 we
have discovered three new noncentral extremal or-
bits: the dog' s-bone B~, the double hole &~, and
an electron orbit A~ . The Z2 branch containing the
B2 orbit has its origin in orbits between the two
lenses (Fig. 16) and exists in a range of some 30
in the (100) plane. In the (110)plane it can only be
observed up to 1.5' from the (110) direction. At
(110) the minimum in the cross-sectional area
leading to B& is very sharp, indicating that the
dHvA amplitude of the Z2 branch should be rather
weak. In view of the angular dependence in the
(100) plane, we have assigned E4 to the Za branch.

The S2 branch of the double hole B2 comes from
orbits running between four necks and exists only
in a limited range of angles near the (110) direc-
tion (Fig. 16). We have associated this branch with
the few unlabeled experimental points below F2.

TABLE VI. Calculated and experimental extremal cross sections of the Fermi surface of P' -brass in units of
(2m/a)2.

AB

A

gB

J12

A)X
2

gyA

gS
2

Bg

(8i

gA
2

Arlinghaus
(Ref. 17)

0.20

0.24

0. 18

0.12

Arlinghaus
(Ref. 18)

0.19

0.21

0.41

0.13

0.14

0.27

0. 12

0.31

0.07

Present
calc.

0.187

0.195

0.407

0.135

0.128

0.159

0.270

0.091

0. 170

0.191

0.121

0.318

0. 066

Expt. (Ref. 11)
Springford and

Templeton

0.1945

0.1333

0.1696

0. 0933

0. 0666

Expt. (Ref. 9)
Jan, Pearson

and Saito

0. 19

0. 17

0.067

Expt. (Ref. 12)
Jan and Perrot

0. 1946

0. 1330

0.1691

0.0940

0. 1643

-0.20

0. 0666
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(]10& B2 P(a
B2 plane

A

2 plane

k =0

R, M

FIG. 14. Fermi-surface cross sections in the two
planes @~=0 and kg =m/a sketched from the calculated or-
bits showing the nonexistence in the present model of the
type I (Ref. 8) open orbits.

The two Z2 branches containing A2 have their or-
igin in electron orbits on the lens. The extremum
of the upper branch vanishes at 6' from (100) in
the (100j plane, but orbits exist to about 30' from
(100). These orbits may become extremal beyond
6' and thereby account for F,o, but we have not
been able to prove this, mainly because the center
of the orbits moves very fast along Z as the plane
of the orbits rotates. The lower Z~ branch disap-
pears aears at 13' from (100). We may associate the
Z2 branches with the two unlabeled points in the
(100}plane.

We have now accounted for all the experimental

FIG. 16. Intersection of the second-zone Fermi sur-
face by a {110)plane showing two central extremal or-
bits B2 and B2. The broken lines indicate the intersec-
tion of the (110) plane by the planes of the noncentral
extremal orbits B2,D

nlodHvA branches except for E6 seen by Karlsson
and E». In Ref. 20 a tentative explanation of Es
was given in terms of the difference between the
R d A branches. This explanation, however, is

fin contradiction with the experimental points o
E E and E near (110). At the moment thereSy iy n 8

Fis therefore no clear explanation for E6 and go.
We have in Table VI listed the extremal areas in

symmetry directions from three calculations and
compared them to the experimental values. We
find excellent agreement between the present cal-
culation and the experimental results, and this
comparison together with the more detailed com-
parison with the dHvA branches shows clearly that
the present band structure of P'-CuZn yields a Fer-
mi surface which explains the main portion of the
Fermi-surface measurements.

C4
a

CV

0.3

Cuzn

(110}

0.3-

CuZn

(100)

B. Effective Masses

The cyclotron mass at a given extremal cross
section of the Fermi surface can be found from the
relation

BX
2

0.2

Ba
B2
BM

2

BR
1

0.1

BA'
2

CR
1

~ a+ ~ y~
F6

A 2

0.2

A2
Z

0.1

BR
1

Fi A
82

AR
2

AR
1

0.0
90

&110&

l

60'
&111&

30' 0'
&100 &

0.0
0

&100 &

I

30' 60 90
&110& &100&

Field orientation Field orientation

FIG. 15. Calculated extremal areas in the (110}and
the (100)planes for p' -CuZn (solid lines). Also shown
are the dHvA frequencies measured by Jan and Perrot
(Ref. 12)—open circles —and by Karlsson (Ref. 10)—
closed circles.

m, 5' eA
(6)

mo 2&m o 8E s
where mo is the free-electron mass. We have ex-
amined the variation of the cross-sectional areas
with energy by calculating two constant-energy sur-
faces of energy EJ —10 mRy and EJ + 10 mRy.
Thus, we have been able to estimate the cyclotron
masses of P -CuZn not only along symmetry direc-
tions (Table VII), but also as a function of the di-
rection of the magnetic field (Fig. 17).

The calculated cyclotron masses include the ef-
f t f the crystal potential and give a measure ofec o

thethe deviations of the actual band structure from e
free-electron bands at the Fermi level. Because
of the additional effect of the electron-electron and
the electron-phonon interactions, the band masses
may deviate considerably from the measured val-
«s (Table VII). The ratio between the experimen-
tally determined masses and the calculated band
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TABLE VG. Calculated cyclotron masses of P' -CuZn
along symmetry directions compared to the experimen-
tally obtained masses.

Present calc.

mpn„pmp

Jan and Perrot
(Ref. 12) Ratio

m~t/ma m~g/m

~Bi
~B

Bg

gN
2

ggx
2

Bg

gB

gx

gA
2

0.61

0. 61

0.39

0.67

0.55

0.46

0.37

0. 65

0.30

0.72 +0, 01

0.55 +0.01

0. 88+0. 08

0.60+0. 03

0.37+0.01
0.42a

0.56b

1.18

1.41

1.31

1.30

1.23

~From Ref. 9. bFrom Ref. 11.

masses leads to an anisotropic apparent mass en-
hancement varying between 0.18 and 0.41. For
pure copper3' the calculated electron-phonon re-
normalization was found to vary between 0.1 and
0. 2 in partial agreement with the above values for
P'-brass.

V. SUMMARY AND CONCLUSIONS

The electronic structure of the ordered alloy
P'-CuZn has been calculated from a nonrelativistic
one-electron potential of the muffin-tin form using
full Slater exchange. The energy bands are found
to be in qualitative agreement with other calcula-
tions which apply the same type of potential but with
different discontinuities at the muffin-tin spheres.

The fundamental optical absorption edge as de-
termined from the calculated imaginary part of the
dielectric function, ep(ic), lies in the range between
2 and 3 eV below the Fermi level in agreement with
the optical measurements. It is also found, as-
suming constant dipole matrix elements, that both
transitions between conduction states and transi-
tions from the Cu d band determine the absorption
edge.

The EDC's calculated in the direct as well as the
nondirect model agree well with the photoemission
experiments showing that the Cu d band in the pres-
ent work has the correct position. Both the optical
and the photoemission experiments, however, in-
dicate that the present Cu d band is 25% too nar-
row. In a comparison with other potentials it is
found impossible to obtain a Cu d band of both cor-
rect position and correct width by adjusting the
discontinuities at the muffin-tin spheres.

The presented Fermi-surface model gives ex-
tremal cross sections which, in symmetry direc-
tions, are in good agreement with other calcula-
tions. In addition to these calculations we find
four new extremal cross sections of importance in
the interpretation of the dHvA results. The open
orbit along the (100) direction predicted by all the
previous calculations has now developed into a
closed orbit B~ . This is in agreement with the
magnetoresistance result as well as the dHvA mea-
surements. The calculated angular variation of
the extremal cross sections is found to be in excel-
lent agreement with the dHvA results. A connec-
tion between orbits on the Fermi surface and the
main portion of the experimental dHvA branches
has been established. The effective cyclotron
masses have been determined as functions of the
direction of the magnetic field. A comparison be-
tween the experimental cyclotron masses and those
derived from the present band structure in symme-
try directions shows an apparent mass enhancement
varying between 0.18 and 0.41. The ratio between
the experimentally obtained and the calculated den-
sity of states at the Fermi level indicates a Fermi-
surface average of the apparent mass enhancement
of 0. 19.

0
E

E

CuZn

(110}
CuZn

1.Q 1.0

BM
2

E)X
2

"h

CA
2

Ar
2

A2 AR
R

AR
2

1

0.5

BR
1

AR
1

0.0
gp' 60' 30' p' 0 30' 60'

c11Q ) & 111 & & 100 & 100 110 &

90'
c 100&

Field orientation Field orientation

FIG. 17. Calculated cyclotron masses in the (110)and
the j100) planes as functions of the direction p of the
magnetic field.
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